Abstract: Elm breeding programs worldwide have relied heavily on Asian elm germplasm, particularly Ulmus pumila, for the breeding of Dutch elm disease tolerant cultivars. However, the extent and patterning of genetic variation in Asian elm species is unknown. Therefore, the objective of this research was to determine the extent of genetic diversity among 53 U. pumila accessions collected throughout the People's Republic of China. Using 23 microsatellite loci recently developed in the genus Ulmus, a total of 94 alleles were identified in 15 polymorphic and 4 monomorphic loci. The average number of alleles per locus was 4.9, with a range of 1-11 alleles. Gene diversity estimates per locus ranged from 0.08 to 0.87, and the non-exclusion probability for the 15 polymorphic loci combined was 0.7 Â 10 -9 . Nineteen region-specific alleles were identified, and regional gene diversity estimates were moderately high (0.48-0.57). The genetic relationships among accessions and regions were estimated by UPGMA and principal coordinate analysis. Both techniques discriminated all accessions and regions. Two microsatellite markers (UR175 + UR123 or Ulm-3) were sufficient to discriminate up to 99.7% of the accessions studied. This research provides useful information for DNA-based fingerprinting, breeding, ecological studies, and diversity assessment of elm germplasm.
Introduction
Elms are widely distributed in the north temperate regions of the world and have been extensively used in urban and suburban landscapes because of their natural beauty and ability to withstand numerous environmental stresses, including air pollution, deicing salts, soil compaction, drought, and flooding (Townsend and Douglass 2004) . However, in the 20th century, two Dutch elm disease (DED) pandemics caused by the fungi Ophiostoma ulmi and Ophiostoma novo-ulmi decimated European and North American elm species (Brasier 1988 (Brasier , 1991 . These pandemics triggered the search for sources of DED resistance in elms. Most breeding programs have been successful in increasing DED tolerance only through hybridization with Asian elms, because these species confer high levels of tolerance to DED. Siberian elm (Ulmus pumila L.), native to China, eastern Siberia, Mongolia, and Korea, represents an important source of DED tolerance (Smalley and Guries 1993; Santini et al. 2002; Solla et al. 2005) . However, one problem with the use of Asian accessions in elm breeding programs is that little is known about the extent and patterning of genetic variation within the DED-tolerant Asian elms (Smalley and Guries 1993; Cogolludo-Agustin et al. 2000; Goodall-Copestake et al. 2005) .
Besides breeding for tolerance to DED (Smalley and Guries 1993) and black leaf spot (Benet et al. 1995) , previous research in the genus Ulmus has concentrated on taxonomic studies based on morphology and biochemical markers (Wiegrefe et al. 1994 ). More recently, protein and DNA markers including allozymes (Machon et al. 1997; Cogolludo-Agustin et al. 2000) , random amplified polymorphic DNA (RAPDs) and inter simple sequence repeat markers (ISSRs) (Goodall-Copestake et al. 2005) , and amplified fragment length polymorphism (AFLP; Pooler and Townsend 2005) have been developed for elms and used to characterize accessions and examine the relationships between elm species and their interspecific hybrids. In addition, microsatellite markers have been developed for European (U. laevis, Whiteley et al. 2003 ; U. carpinifolia (syn. U. minor), Collada et al. 2004 ) and North American (U. rubra, Zalapa et al. 2008 ) elm species. Microsatellite markers may prove particularly useful in inter-and intraspecific genetic studies of Ulmus spp. because of their high reproducibility, multiallelic nature, codominant inheritance, relative abundance, and wide genomic distribution. Preliminary cross-amplification tests in different elm species (Whiteley et al. 2003; Collada et al. 2004; Zalapa et al. 2008 ) suggest a potential broad applicability of these markers for DNA fingerprinting in the genus Ulmus.
Since 1958, the Wisconsin Elm Breeding Program has been evaluating DED-tolerant germplasm from around the world. Our U. pumila collection from the People's Republic of China (PRC) is unique because it contains numerous accessions assembled over several decades, with the bulk collected during the 1980s (Smalley and Guries 2000) . This collection is maintained at the University of Wisconsin Elm Arboretum (Arlington, Wisconsin) and is available to breeders for the development of new elm cultivars. All collected accessions exhibited leaf, bark, twig, and seed characteristics of U. pumila, but no details on specific morphological characteristics were recorded. These accessions show variation in DED tolerance, with accessions from northeast and northwest China being more DED tolerant than accessions from central and south China, although only part of the collection has been tested for DED tolerance (Chen et al. 1988; Smalley and Guries 2000) . The accessions from the collection have not otherwise been characterized morphologically, biochemically, or genetically. Therefore, the general objective of this research was to determine the usefulness of microsatellite markers to describe the extent of genetic diversity and genetic relatedness among 53 accessions of U. pumila from the PRC. More specifically, we (i) developed a unique microsatellite fingerprint profile to facilitate the rapid and accurate identification of U. pumila germplasm (background) in elm breeding programs; (ii) used UPGMA to describe the genetic relationships among geographical regions and AMOVA to partition the genetic variation within and among regions; (iii) summarized the pattern of variation in multilocus data for the different regions and accessions using principal coordinate analyses; and (iv) used Mantel tests between geographical and genetic distances to detect isolation by distance in our data. Microsatellite loci data presented herein will be useful for parentage analysis, breeding, diversity, and (or) ecological studies. The analysis of this unique U. pumila collection provides information for the comparative analysis of genetic variation of U. pumila across its distribution in the PRC.
Materials and methods
Plant material, DNA extraction, and microsatellite analysis Within our U. pumila collection, we sampled 53 accessions representing 10 provinces (Table 1 ) across the natural range of U. pumila in the PRC (Fig. 1) . The collection included three regions from one of the provinces, and thus overall we sampled between 2 and 9 accessions for each of 12 regions based on latitudinal and longitudinal data ( Table 1) . Seeds of most accessions were collected in the PRC by the late Dr. E.B. collaborators between 1982 and 1990 . Young leaves from a single tree for each of the 53 accessions were collected and freeze-dried for 72 h using a BenchTop lyophilizer (Virtis Inc., Gardiner, New York). DNA was extracted using a DNeasy kit (QIAGEN, Valencia, California) , and concentrations were measured in a Turner Quantech Fluorometer (Barnstead, Dubuque, Iowa).
A total of 23 microsatellite loci developed in two European (U. laevis, Whiteley et al. 2003 ; U. carpinifolia (syn. U. minor), Collada et al. 2004 ) and one North American elm species (U. rubra, Zalapa et al. 2008) , some of them preliminarily tested for cross-amplification in U. pumila (Whiteley et al. 2003; Zalapa et al. 2008) , were examined in this study. Each PCR amplification was performed in a 15 mL volume containing 1.5 mL of 10Â PCR buffer, 1.8 mL of 25 mmol/L MgCl 2 , 2.4 mL of dNTPs (dATP, dGTP, dTTP, and dCTP, 1.25 mmol/L of each), 1.0 mL of 5 mmol/L primer, 2 mL of 10 ng/mL genomic DNA, 1 U of Taq DNA polymerase, and 6.2 mL of H 2 O. Thermocycling conditions were as follows: an initial melting step (94 8C for 3 min), then 30 cycles (94 8C for 15 s, 55 8C/60 8C for 90 s, and 72 8C for 2 min), a final elongation step (72 8C for 20 min), and an indefinite soak at 4 8C. Microsatellite allele genotyping with fluorescently labeled primers (5' end, 6-FAM fluorophore; Integrated DNA Technologies, Skokie, Illinois) was performed at the University of Wisconsin Biotechnology Center DNA Sequence Laboratory using an Applied Biosystems 3730 DNA Analyzer (POP-6 and a 50 cm array) and GeneMarker software version 1.5 (SoftGenetics, State College, Pennsylvania).
Data analysis
Allele frequencies, observed and expected heterozygosity (H O and H E , respectively), polymorphic information content, average non-exclusion probability for identity of two unrelated individuals per locus, and null allele frequency estimates at each locus were calculated using Cervus version 3.0 (Field Genetics Ltd.). Deviations from Hardy-Weinberg equilibrium (HWE) were estimated using Genepop (Raymond and Rousset 1995; http://genepop.curtin.edu.au). Gene diversity was calculated per locus according to the formula of Nei (1973) : gene diversity = 1 -AEP ij 2 , where P ij is the frequency of the jth allele for the ith locus summed across all alleles for the locus. Additionally, regional gene diversity was calculated as the average multilocus gene diversity for all accessions within each region. SYSTAT version 10 (SPSS, Inc.) was used to construct allele frequency distribution plots for each locus.
Relationships among the 9 geographical regions with at least 3 accessions each were investigated using the UPGMA (unweighted pair group with arithmetic mean) method using NTSYS-pc version 2.01 based on Nei's genetic distances (Rohlf 1998) . The SIMGEND procedure (NEI72 option) was used to calculate standard Nei genetic distance. The robustness of the dendrogram was tested using 1000 replicates where two loci were randomly removed at a time using the jacknife-resampling method of Phylip 3.6 software (Felsenstein 2002 ).
An analysis of molecular variance (AMOVA) comparing the genetic variance within and among regions was conducted using multilocus data. To summarize the major patterns of variation in the multilocus data, we conducted principal coordinate analyses (PCoA) using the software GenAlEx version 6 (Peakall and Smouse 2006) . Pairwise Nei's genetic distances between regions were used to examine differences among regions, and genetic distances be- 398E 90-41, 90-43, 90-46, 90-48, 90-49, 90-104, 90-107, 90-110, 90-113 Weixian, Hebei Lat. 36. 358N, Long. 114.928E HE 2050 , 2199 , 2200 , 2201 , 2202 , 2203 Yining, Xinjiang Lat. 43. 888N, Xiangyang tween pairs of accessions were used to examine differences among accessions (Smouse and Peakall 1999) . Finally, the correlation between geographical and regional genetic distances was investigated using Mantel tests on Nei's genetic distances.
Results
Nineteen of the 23 primer pairs tested produced amplification products in the 53 U. pumila accessions ( Table 2 ). All amplification fragments corresponded to the expected lengths, and the number of allelic variants scored was comparable to those previously reported in other elm species (Table 2) . Overall, 94 alleles were detected in 4 monomorphic (4 alleles) and 15 polymorphic loci (90 alleles), with an average of 4.9 alleles and a range of 1-11 alleles per locus (Table 2) . Of the 15 polymorphic loci, 9 loci (UR123, UR138, UR153, UR175, Ulmi1-98, Ulmi1-165, Ulm-3, Ulm-6, and Ulm-8) had 5 to 11 alleles, while 6 loci (UR101, UR158, UR159, UR173a, UR173b, and Ulmi1-21) possessed 2 to 4 alleles (Table 2, Fig. 2 ). Observed heterozygosity (H O ) at each locus ranged from 0.04 to 0.79, which mirrored expected heterozygosity (H E ) for all loci except UR101 and UR173a (the only two variable loci not in HWE; Table 2 ). For the UR101 locus, about 45% of the accessions did not yield an amplification product after repeated PCR assays, suggesting the presence of null alleles (Table 2) .
Gene diversity estimates per locus ranged from 0.08 to 0.87 and were equivalent to polymorphic information content (PIC) estimates (Table 2) . Average non-exclusion probability values were inversely related to gene diversity values and ranged from 0.08 to 0.85. Only 3 loci (UR158, UR159, and UR173a) yielded a high probability (over 0.75) that any two randomly sampled accessions would not be differentiated by their allelic profiles. Using the 15 polymorphic loci in HWE (Table 2) , the non-exclusion probability was 0.7 Â 10 -9 , which is the probability that any two genotypes in the sample would not be differentiated.
Ten polymorphic loci in HWE (UR123, UR138, UR153, UR175, Ulmi1-21, Ulmi1-98, Ulmi1-165, Ulm-3, Ulm-6, and Ulm-8; Table 2 ) were used to analyze the 53 U. pumila accessions from the 12 geographical regions in China (Table 1 ; Fig. 1 ). Sample sizes ranged from 2 to 9 accessions per region (Table 3 ). In total, 77 alleles were observed with an overall gene diversity of 0.61 over all regions. The gene diversity per region ranged between 0.48 and 0.57 (calculated only if at least 3 accessions were available; Table 3 ). Overall, 19 region-specific alleles (~24% of the total) were detected; the highest number of region-specific alleles was observed in accessions from Xinjiang and Shanxi (4 alleles each), while 2 regions (Ganzu and Henan-1) possessed no region-specific alleles. Results of the AMOVA indicated that 95% of the genetic variation occurred within regions, while 5% was found among regions. The Mantel tests revealed no significant correlation between geographical and regional genetic distances (n = 9, r = 0.25, P > 0.18).
The UPGMA clustering algorithm based on Nei's genetic distances indicated that the node separating the regions Henan-1, Henan-3, and Hebei from Hubei and Beijing was most strongly supported (Fig. 3) . Moreover, the regions Ganzu and Shanxi were genetically most distant from the 
Note:
A, number of alleles per locus; n, number of accessions genotyped; H E , expected heterozygosity; H O , observed heterozygosity; HWE, probability value for Hardy-Weinberg equilibrium test; F-null, null allele frequency estimate; PIC, polymorphic information content; and NE-I, average nonexclusion probability for identity of two unrelated individuals. Microsatellite loci in boldface were used for regional analysis of the 53 U. pumila accessions from the PRC. NA, data not available; NS, nonsignificant. other regions. Data from Liaoning, Guizhou, and Shandong were excluded from these analyses because of the low number of accessions for these regions. The first three principal coordinates of the regional PCoA (Fig. 4A ) explained 87.4% of the total genetic variation (52.8%, 18.6%, and 16.1%, respectively). The regional PCoA supported the genetic differentiation of regions, as did AMOVA and UPGMA (Fig. 4A) . Moreover, the pattern of regional differentiation in the PCoA mostly matched the relationships observed in the UPGMA dendrogram. For example, in both analyses regions Henan-1, Henan-3, and Hebei formed a cluster and so did regions Henan-2 and Xinjiang (Figs. 3 and 4A) . However, although regions are differentiated, the UPGMA and regional PCoA results suggest that more data are needed (preferably larger sample sizes within each region) before one can confirm the pattern of relationships among all the regions.
The PCoA of individual accessions successfully discriminated all 47 accessions from the 9 regions analyzed by UPGMA (Fig. 4B-4D ). The first three principal coordinates of individual accessions explained 61.2% of the total genetic variance (27.3%, 17.6%, and 16.3%, respectively). Accession clustering by PCoA denoted groupings partly consistent with regional UPGMA results (Figs. 3 and 4) . For example, while most of the accessions (80%) from Henan-1, Henan-3, Hebei, and Hubei appeared relatively closely clustered in the PCoA plots, accessions from Shanxi and Ganzu appeared more widely distributed across the plots, and accessions from Xinjiang and Henan-2 were localized comparatively farther out, mostly in the left-hand quadrants of the PCoA.
Discussion
Based on our analysis of microsatellite loci, our U. pumila collection is highly diverse ( Table 2 ). The high polymorphism levels detected (average of 4.9 alleles per locus) and Fig. 3 . UPGMA clustering showing the regional relationships among Ulmus pumila L. accessions from China. Accessions were grouped by region based on 77 microsatellite alleles from 10 primers using Nei's genetic distance. The numbers at nodes are the proportion of occurrence in 1000 Jacknife replicates. The low number of accessions for Liaoning, Guizhou, and Shandong did not permit meaningful calculations of Nei's genetic distances for these regions.
the low non-exclusion probability (0.7 Â 10 -9 ) indicate that the microsatellite markers described herein (Table 2) are suitable for genetic fingerprinting of U. pumila germplasm. For example, genotyping using primer UR175 alone discriminated 45% of the U. pumila accessions in our study, and this primer in combination with UR123 or Ulm-3 was sufficient to discriminate 96% (non-exclusion probability = 0.03-0.003) of all accessions. As in other tree species (González-Martínez et al. 2002; Vornam et al. 2004) , polymorphic loci with a high discriminatory power (i.e., UR123, UR175, Ulmi1-98, Ulmi1-165, Ulm-3; Table 2 ) can be useful to examine population-level processes, such as describing the population structure and gene flow of U. pumila populations in their natural and (or) introduced range (e.g., US and Europe).
Numbers of alleles and regional gene diversity estimates were high even for regions for which only a few accessions were available. The multilocus gene diversity estimate for the 53 Chinese U. pumila accessions combined (0.61) was similar to the average of the multilocus gene diversity estimates for the 9 provinces (0.52). Thus, even regions with limited sampling provided evidence of high levels of diversity within geographical areas. Moreover, analysis of molecular variance of U. pumila accessions revealed that most (95%) of the genetic diversity in the collection was contained within regions rather than among regions as occurs in other tree species (Takahashi et al. 2000; Mariette et al. 2002) . The relatively high number of private (i.e., region-specific) alleles suggested some degree of genetic differentiation between regions (Slatkin 1985) . The high number of regionspecific alleles did not simply reflect the low number of accessions available in some regions (Kalinowski 2004) . In fact, the number of alleles per region decreased with decreased sampling within regions, but private alleles were detected even in regions with low sampling, and in some cases at a higher rate (Table 3 ). In addition, the regions of Shanxi (n = 3) and Xinjiang (n = 6) alone harbored 42% of the region-specific alleles (Table 3) . Thus, even a low number of accessions can capture unique allelic diversity in different geographical regions. The high number of private alleles observed for some geographical regions was surprising given the wind dispersal of pollen and seeds in elm species, which is expected to homogenize populations via gene flow (Dutech et al. 2005; Mix et al. 2006) . However, the analysis of molecular variance confirmed that 5% of the genetic variation occurs among regions in this elm species. One potential explanation is that DED-driven natural selection may have caused population bottlenecks and thus genetic drift and allelic differentiation in natural U. pumila populations in the recent past (Machon et al. 1997) . However, such population bottlenecks would also be expected to reduce genetic diversity, which remains high in this species.
The genetic differentiation of regions was further supported by the UPGMA dendrogram and the principal coordinate analyses. Clearly some regions were more genetically similar than others; for example, both UPGMA and PCoA tended to support the clustering of the regions of Henan-1, Henan-3, and Hebei. Moreover, both analyses indicated that Shanxi, Henan-2, and Xinjiang were more genetically distant from that first cluster. In fact, Henan-2 appears genetically quite distinct from Henan-1 and Henan-3 and other geographically nearby populations. Moreover, Ganzu is more genetically distinct from Xinjiang than from other geographically more distant regions, based on either UPGMA or PCoA. These latter trends support the lack of isolation by distance between regions. Future studies with larger sample sizes within each region should more clearly determine the relationships between all regions.
As in other plant species (Khasa et al. 2005; Ryan et al. 2006) , information about microsatellite transferability within the genus Ulmus, as well as species-specific alleles, might be useful for the unambiguous identification of elm species and their hybrids. In our study, 19 of the 23 Ulmus microsatellite loci examined possessed PCR resolution in U. pumila (Table 2) . Such a high rate of successful transfer of microsatellites is likely a reflection of the close genetic relationships among most elm species (Wiegrefe et al. 1994) and is consistent with the ease of interspecific hybridization in the genus Ulmus (Lester and Smalley 1972a , 1972b , 1972c Cogolludo-Agustin et al. 2000; Solla et al. 2005) . Information on all primers, including monomorphic and low-variability loci (e.g., UR158), is presented herein as proposed by Zalapa et al. (2008) , since species-specific alleles present in both polymorphic and monomorphic loci can be useful in future studies of natural and (or) artificial hybridization between U. pumila and other elm species.
We have identified unique genetic variation present at microsatellite loci in 53 U. pumila accessions collected from 10 Chinese provinces. Diversity levels were comparable with or higher than those reported in other elm species (Machon et al. 1997; Cogolludo-Agustin et al. 2000; Whiteley et al. 2003; Collada et al. 2004 ). This collection of accessions represents a source of potentially useful but underexploited variation for elm breeding programs. Future studies should investigate disease tolerance levels in U. pumila accessions from different geographical regions of the PRC. To date, the limited characterization of accessions in our U. pumila collection for DED tolerance indicates that accessions from northeast and northwest China are more DED tolerant than accessions from central and south China (Chen et al. 1988; Smalley and Guries 2000) . Thus, if the predictive value of marker-trait associations could be defined, the genetic characterization of U. pumila using microsatellite loci could be useful for selecting superior genotypes (i.e., bulked segregant analysis and QTL mapping) from matings among DED-susceptible and DED-tolerant elm species. Moreover, microsatellite loci possessing speciesspecific alleles could be useful in marker-assisted backcross breeding programs to confirm and expedite the introgression of DED tolerance genes from donor parents into elite elm varieties. In summary, the microsatellite loci described herein provide a powerful tool for breeding, diversity, and ecological studies involving U. pumila. Judicious use of the germplasm available in the University of Wisconsin Elm Arboretum and the application of the microsatellite loci described in this study may aid in the reestablishment of elms on urban and rural landscapes in North America and Europe and in the maintenance of elm biodiversity.
